Surface scrape samples provide a pragmatic, practical method of measuring sediment 24 contamination over large areas and is a sampling approach adopted by most routine environmental 25 monitoring programs, but it does not allow for interpretation of the effect of variation in 26 sedimentation rates. This paper proposes a method for calculating indicative sedimentation rates 27 across the saltmarsh using surface scrape data, which produces results consistent with values 28 experimentally obtained. 29 30
INTRODUCTION 31
Between 1952 and 1992 the reprocessing facilities on Sellafield Limited nuclear site in NW 32
England have, under authorization, released liquid effluents containing low levels of activity into 33 the Irish Sea. The liquid effluents contained actinide and fission elements which are discharged 34 via pipeline and are comprised of the purge water from waste storage ponds and process liquors 35 from spent fuel reprocessing. Discharge histories showed the activity concentrations for 36 radionuclides including 137 Cs, Pu-α and 241 Am reached a maximum in the 1970s and then 37 substantially declined (Gray et al., 1995) . 38
39
Once discharged, the radionuclides become attached to varying degrees dependent on particle 40 reactivity to sedimentary particles with some becoming incorporated by sedimentary deposition 41 and suspension processes into intertidal and estuarine environments resulting in the saltmarshes 42 being contaminated with a wide range of radionuclides (Howard et al., 1986 ). Parallel to the 43 coastline is an area of mud and muddy sediments (approximately 15km long x 3 km wide) 44 commonly known as the 'mud patch' (Kershaw et al., 1992; MacKenzie et al., 1994; Pentreath et 45 al., 1984) . Fine grained particles with associated radionuclides accumulate on the patch as a resultof tidal movement and currents in the shallow Western Irish Sea basin (depth approximately 30m) (Hetherington, 1978; MacKenzie et al., 1994) . Particulates are redistributed and deposited onto 48 the saltmarsh as a result of tidal processes and storm events. 49
50
The Ravenglass estuary (NW, England) is one of the most radioactively contaminated 51 saltmarshes within the Irish Sea and provides a unique resource for understanding the behavior of 52 radionuclides in the environment. This study focuses on the spatial and temporal changes in the 53 activity concentrations of deposited radionuclides in surface sediment over a period of 25 years, 54 determines sedimentation rates across the ungrazed saltmarsh and relates the data to discharge 55 history. 56 57
EXPERIMENTAL SITE AND SAMPLING DETAILS 58
A survey in 1980 described the spatial distribution of activity concentrations for various 59 radionuclides in the surface silts of an ungrazed saltmarsh in the River Esk estuary, Cumbria 60 (Horrill, 1983) . 
Site sampling 82
The site was originally selected in 1980 on the basis that the total gamma radiation levels, using a 83 field ratemeter, were relatively high compared with other saltmarshes in the estuary. In 1980 a 84 permanent 25m survey grid was established on the marsh ( 85 86 Figure 1 ) with a total of 100 sampling points. In August 1992 and March 1997 a survey of all 87 the sample points was carried out similar to that of the original study of July 1980 (Horrill, 1983 The higher activity concentrations tend to occur lower down the saltmarsh depth profile near to 215 the seaward edge and higher up the profile towards the landward edge (Oh., 1999) . Generally, the 216 pattern is due to lower sedimentation rates at the landward edge of saltmarshes and constant tidal 217 reworking of sediments near to the main tidal channels (Friddlington et al., 1997 ) with the highest 218 activity concentration in the surface sediments located in the areas of low energy where finer 219 sediment is deposited. However, this increase in activity may only be temporary because there is 220 a greater tendency for the associated small particles to become resuspended and distributed 221 elsewhere (Friddlington et al., 1997; Mackenzie et al., 1999) . 222 223 Stanners and Aston (1981) showed that grain size distribution of estuarine sediments influenced 224 radionuclide activity, with fine grained sediments having high radionuclide absorptive capabilities. 225
The sediment at sampling point B5 on the Ravenglass saltmarsh was found to be uniform material 226 to a depth of ~1m, dominated by silt sized particles (40% 63-125µm; 24% 32-63µm; 21% 8-32µm; 227 4% 2-8µm; 7% <2µm). Due to the presence of plant roots, the top 50mm had an elevated organiccontent of 3.1% (Marsden et al., 2006) . This agrees with Carr and Blackley (1986) who described 229 the sediment on the saltmarsh as comprising mainly of sand and gravel with areas of silt and clay. 230
Preferential accumulation of fine grained sediments was reported at the landward edge of the marsh 231 (Oh et al., 1999) . These sediments contained higher levels of Al2O3 in the top surface layer and a 232 greater clay content. As particle size decreases, the activity concentrations of radionuclides measured in sediment were higher than for an adjacent grazed saltmarsh with a much 244 lower vegetation biomass compared with our study ungrazed saltmarsh (Horrill, 1984) . The 245 actinide activity concentration was lower by a factor of three; however, factors such as the position, 246 elevation and other characteristics of each saltmarsh relative to the tidal movement may greatly 247 affect the extent of sediment deposition limiting the comparisons that can be made. 248 (Table  397 3), however the reduction was less significant compared to Pu alpha, 137 Cs and Year  1980  1992  1997  2005  Pu alpha  Geometric Mean  11500  1540  1190  806  Median  14700  1580  1190  840  Minimum  229  519  412  494  Maximum  26000  9410  4300  2100  Standard deviation  5490  1060  496  342  Number of samples   54   97  95  26  Am-241  Geometric Mean  5040  2060  1460  1590  Median  5980  2620  1470  1460  Minimum  211  326  807  790  Maximum  11400  8060  3960  4640  Standard deviation  2160  1180  496  779   Number of samples   100   97  95  26  418 The spatial trends were similar to that of 
Sedimentation rates 468
The Ravenglass saltmarsh has both high (seaward and to a lesser extent in the channels) and low 469 energy areas (landward). The surface sediment samples taken from the seaward part of the marsh 470 ( 471
472
Figure 1, rows 6-11) and, to a lesser extent, the creeks across the saltmarsh will incorporate 473 more recently deposited sediment compared to the back of the marsh (row 0). Rates of accretion 474 will also vary according the density and type of vegetation, height of the marsh relative to sea level 475 and the distance from creeks (Aston and Stanners, 1979) . 476
477
The correlation of sediment profiles and discharge rates from Sellafield varies due to the rate of 478 sedimentation and redistribution of sediments (Friddlington et al., 1997) . Sedimentation rates are 479 a key parameter in understanding the spatial and temporal variation in radionuclide activity 480 concentrations of the saltmarsh with varying values reported across the UK (Table 4) . 481 To calculate the indicative sedimentation rates across the saltmarsh from surface scrape samples 485 data, from a sediment core previously analysed by Morris et al., (2000) were used. A number of 486 assumptions were also made: 487  The saltmarsh as a whole has the same input source as the core at sampling point B5. 488  Lag times across the saltmarsh are identical. 489  Post depositional migration of radionuclides is insignificant. 490  Fine particle distribution will be the same across the saltmarsh.
The only other input sources that affects the saltmarsh is from the River Esk, which will have 492 The indicative sedimentation rates were calculated using the surface sample data. The ratio of 517 activity concentration at a sampling point (e.g. A0) for two different times point (e.g. 1980 and 518 2005) using Eq. (3) for each radionuclide was calculated. Ru-106 was not used in the calculations 519 due to the short half-life and data were not reported by Marsden et al., (2006) and Morris et al., 520 (2000) . Neither was Am-241 due to the ingrowth from the decay of its parent nuclide, 241 
Pu. 521
Difference factor = Activity at sampling point A0 at t1 (3) 522 Activity at sampling point A0 at t2 523 524 Each difference factor (Eq. 3) was then divided by the difference factor at sampling point B5 for 525 the same time interval (e.g. 1980 and 2005) and radionuclide producing a sedimentation factor. It 526 was assumed that the difference factor at B5 was equivalent to the sedimentation rate over the 527 period t1 and t2 using Eq. (4) To calculate the sedimentation rate (mm/year) at each sampling point for a specific time period, 532 the sedimentation factor was multiplied by the corresponding sedimentation rate for B5 as quoted 533
by Morris et al. (2000) , including with and without mixing rates for plutonium and listed in Table  534 4 using Eq. (5): 535 Sedimentation rate = Sedimentation factor x Sedimentation rate at B5 (5) 536
537
To verify the method, the calculated sedimentation rates were compared with those at sampling 538 points A3, B7/W7 and X6/X7 taken in 1996/1997 by Oh (2000) ( The sedimentation rates were then estimated for each data point and time period. This showed a 545 high degree of variation in sedimentation rates ( , which is similar to the variation reported 547
by Stanners & Aston (1981) . Using the calculated rates, the 20mm surface scrape samples taken 548 correspond to between just over half a year to greater than 100 years of sediment accumulation. 549
The geometric mean and median were in general good agreement with an average sedimentation 550 rate for the 25 years of between 7.7 and 11 mm yr 
